The Tbx family of transcription factors are prominently expressed in the early cardiac primordium throughout the animal kingdom. Mutations in Tbx genes result invariably in defective formation and function of the heart, including congenital heart disease in humans. Similar to their vertebrate counterpart, the Drosophila Tbx20 gene pair, neuromancer1 (nmr1, FlyBase:H15) and neuromancer2 (nmr2, Flybase:mid), exhibits a dynamic expression pattern, including in all contractile myocardial cells. Deletion mutants of nmr1 combined with mesoderm-specific knock-down of nmr2 exhibit phenotypes that suggest nmr is critical for correct specification of the cardiac progenitor populations as well as for morphogenesis and assembly of the contractile heart tube. Loss-of-nmr-function causes a switch in cell fates in the cardiogenic region, in that the progenitors expressing the homeobox gene even skipped (eve) are expanded accompanied by a corresponding reduction of the progenitors expressing the homeobox gene ladybird (lbe). As a result, the number of differentiating myocardial cells is severely reduced whereas pericardial cell populations are expanded. Conversely, pan-mesodermal expression of nmr represses eve, while causing an expansion of cardiac lbe expression, as well as ectopic mesodermal expression of the homeobox gene tinman. In addition, nmr mutants with less severe penetrance exhibit cell alignment defects of the myocardium at the dorsal midline, suggesting nmr is also required for cell polarity acquisition of the heart tube. In exploring the regulation of nmr, we find that the GATA factor Pannier is essential for cardiac expression, and acts synergistically with Tinman in promoting nmr expression. Moreover, reducing nmr function in the absence of pannier further aggravates the deficit in cardiac mesoderm specification. Taken together, the data suggest that nmr acts both in concert with and subsequent to pannier and tinman in cardiac specification and differentiation. We propose that nmr is another determinant of cardiogenesis, along with tinman and pannier. D
Introduction
The T-box transcription factors are expressed in a wide range of patterns during embryogenesis and play critical roles during many developmental processes, including determination of forelimb/hindlimb identity (Logan and Tabin, 1999; Gibson-Brown et al., 1996) , dorsal/ventral patterning in the retina (Koshiba-Takeuchi et al., 2000) , specification of endoderm (Xanthos et al., 2001 ) and mesoderm (Ciruna and Rossant, 2001) , and control of proliferation (Hatcher et al., 2001) . Mutations in T-box genes are also associated with human congenital diseases, for instance, with the Holt-Oram syndrome (Tbx5; Basson et al., 1997; Li et al., 1997) , the DiGeorge syndrome (Tbx1; Jerome and Papaioannou, 2001; Lindsay et al., 2001) , the Ulnar Mammary syndrome (Tbx3; Bamshad et al., 1997) , with ACTH deficiency (Tbx19; Lamolet et al., 2001 ) and cleft palate/ankyloglossia (Tbx22; Braybrook et al., 2001) . The requirement of Tbx transcription factors in heart development is implicated by a number of striking cardiac defects in mice lacking individual T-box genes including Tbx5, Tbx1, Tbx3 and Tbx6 (Bruneau et al., 2001; Chapman et al., 2003; Hoogaars et al., 2004; Xu et al., 2004) . In addition, the prominent cardiac expression of additional T-box genes, such as Tbx2, Tbx18 and Tbx20 suggest an important role of T-box genes in cardiogenesis (Papaioannou, 2001; Ryan and Chin, 2003) .
The role of Tbx20 in heart development is supported by the cardiac expression of Tbx20 in different species. The distinct expression pattern of Tbx20 in the early cardiac progenitor region and the differentiating heart in the fly, zebrafish, Xenopus, chick, mouse and human raises the possibility that Tbx20 is a functionally conserved component at the center of the heart-forming process (Brown et al., 2003; Griffin et al., 2000; Kraus et al., 2001; Lio et al., 2001; Meins et al., 2000) . This hypothesis is supported by in vitro binding assays showing that mouse Tbx20 can directly interact with the central cardiogenic factors Nkx2-5 and Gata4 and 5 in regulating reporter gene expression (Stennard et al., 2003) . Studies in zebrafish using a morpholino-based knockdown approach show a failure of cardiac looping and defects in chamber morphology, suggesting a pivotal role for Tbx20 in heart morphogenesis (Szeto et al., 2002) . Here, we use the simple but evolutionary conserved Drosophila heart (Bodmer, 1995) as a model to study the role of Tbx20 in cardiac specification and morphogenesis.
The development of the Drosophila heart tube begins with the specification of myocardial precursor cells that originate from the dorsal mesoderm and involves the action of the homeobox gene tinman and GATA factor encoded by pannier (reviewed in Bodmer and Frasch, 1999; Bodmer et al., in press; Zaffran and Frasch, 2002) . This initial subdivision of the mesoderm requires additional inductive signal decapentaplegic (dpp) and wingless (wg) secreted by the overlying dorsal ectoderm to confer competence to the receiving mesoderm cells to form the cardiac primordium (Frasch, 1995; Lockwood and Bodmer, 2002; Lockwood et al., 2001; Park et al., 1996; Wu et al., 1995) . As a result, the cells in the dorsal mesoderm are specified into various cardiac progenitors marked by combinatorial patterns of identity gene expression, including the homeobox genes even skipped (eve) and ladybird (lbe), and the COUP nuclear hormone receptor gene seven-up (svp) (Han et al., 2002; Jagla et al., 1997 Jagla et al., , 2002 Lo and Frasch, 2001; Su et al., 1999) . A recent study suggests that specification and positioning of the juxtaposed cardiac cell clusters, marked by Eve and Lbe, require the cooperative action of Hedgehog and Ras signaling (J.L., L.Q. and R.B., unpublished). In the absence of hh or ras/MAPK activity, the Eve cell clusters are diminished, whereas the Lbe clusters are expanded within the cardiac mesoderm. The stereotyped positioning of Eve and Lbe strongly implicates the involvement of a precise patterning system. Identification of new members in this patterning system is essential to unravel the mechanisms of cardiac specification.
After the cardiac lineages are completed (Alvarez et al., 2003; Han and Bodmer, 2003) , the myocardial precursors on either side of the embryo line up in a single row and migrate dorsally to meet their contralateral counterparts at the dorsal midline. Upon contact, the prospective myocardial cells change cell shape during the process of mesenchyme-epithelium transition and acquire their appropriate polarity characteristics (Fremion et al., 1999; Haag and Hartenstein, 1999) . This transition and the coordination of correct cell-cell contacts in the forming heart tube are largely unexplored. It is also not known if there is a causal relationship between cardiac cell polarity and patterning or cellular alignment of the forming heart at the dorsal midline.
In Drosophila, eight T-box genes have been described (omb, Byn, org-1, nmr1/H15, nmr2/H15r/mid, Doc1, Doc2, Doc3; (Buescher et al., 2004; Griffin et al., 2000; Poeck et al., 1993 Poeck et al., , 1998 Reim et al., 2003; Singer et al., 1996 ; this work)). Among them, H15 and the Doc triplet show prominent expression in the heart (Griffin et al., 2000; Reim et al., 2003) . Recently, the nmr (H15/mid) gene pair has been shown to be a novel negative regulator of wg expression, involved in the asymmetric maintenance of wg by Hh signaling (Buescher et al., 2004) . In the absence of nmr function, wg is detected not only anterior but also posterior to the Hh stripe causing phenotypes similar to gain-of-wg-function. The Doc set of T-box genes is involved in dorso-lateral patterning of the epidermis downstream of Dpp and is required for amnioserosa proliferation and differentiation (Reim et al., 2003) . Although expressed in the heart, the requirement of Doc genes in cardiac development has not yet been elucidated.
In this paper, we investigate the role of the Tbx20 homologs, which we named neuromancer 1 and 2 (nmr1 and 2), in Drosophila heart development. Both nmr genes are prominently expressed in the forming heart: nmr2 from late stage 11 on, considerably before nmr1. We generated nmr1 deletion mutants by P-element excision and combined them with nmr2-RNAi transgenes as a way of eliminating both Tbx20 gene functions in the mesoderm. These nmr double mutants exhibit cardiac specification defects that likely reflect multiple requirements during heart development. In the early heart-forming region of these nmr double mutants, the eve-expressing clusters are expanded whereas the lbe-expressing cardiac progenitors are reduced, without affecting overall cardiac-restricted tinman-expression. Due to this misspecification, the lineage (see Han and Bodmer, 2003) and subsequent formation of contractile myocardial cells is severely compromised, as determined by tinman and Dmef2 expression. In moderate nmr mutants, a normal number of myocardial cells is generated but they misalign at the dorsal midline during heart tube assembly and exhibit severe polarity defects. Supported also by overexpression and genetic interaction experiments, we conclude that nmr encoded T-box genes control multiple phases of cardiac development: (1) specification of the cardiac mesoderm along with tinman and pannier; (2) distinction between cardiac progenitor populations, namely those expressing eve and lbe, and (3) epithelial polarity acquisition of the myocardial cells, which seems to be prerequisite for correct morphogenesis of the heart tube. Together, these data demonstrate the essential roles of Tbx20 genes in cardiac specification and differentiation.
Materials and methods

Fly stocks
The following mutant stocks were used: pnr VX6 /TM6-twilacZ (Heitzler et al., 1996; Klinedinst and Bodmer, 2003) , tin 346 /TM3-ftzlacZ (Azpiazu and Frasch, 1993) , Dmef2 P520 /Cyo-wglacZ (Bour et al., 1995) . Overexpression of transgenes was achieved using the UAS-Gal4 system (Brand and Perrimon, 1993) . The following lines were used: twi-Gal4 (twiN; Greig and Akam, 1993) , 24B-Gal4 (24BN; Brand and Perrimon, 1993) , the double combination twiGal4;24B-Gal4 (twi24BN; pan-mesodermal expression, see Lockwood and Bodmer, 2002) , da-Gal4 (Wodarz et al., 1995) , UAS-eve (Su et al., 1999) , UAS-pnr (Haenlin et al., 1997) , UAS-tin (Ranganayakulu et al., 1998) , and the double combination UAS-pnr;UAS-tin (Klinedinst and Bodmer, 2003) .
Imprecise deletion screen for the nmr1 locus nmr1 alleles nmr1 614 (nmr1 614 ,b,cn;ry 506 ), nmr1
210
(nmr1 210 ,b,cn;ry 506 ) were generated by imprecise P-element excision using nmr H15 -LacZ (H15[ry + ],b,cn; ry 506 ) line, which contains a P-element inserted at À331 bp, 5V upstream of the nmr1 transcript start (Brook and Cohen, 1996) . nmr1 deletions were isolated by crossing the nmr H15 -LacZ to the transposase-containing line P[D2-3] (Robertson et al., 1988; Tsubota and Schedl, 1986) . The breakpoints of the deletion mutants were mapped by PCR amplification using the following primer pairs: Forward, AATAGCCAATGAGAAACGGAATGG; Reverse, AGG-ACTTTTCGTGGGCTCGATTG and GAAAGTAACT-GCCAATTGCCGACA. PCR fragments including the breakpoints of nmr1 614 and nmr1 210 were sequenced. nmr1 614 contains a 3,941 bp deletion from À331 to +3610, which includes part of the DNA binding domain (T-box). nmr1 210 contains a 10,911 bp deletion from À331 bp to +10580 bp, which deletes the entire T-box domain. Both alleles are likely to be null alleles, because with RT-PCR and in situ hybridization no nmr1 transcripts are detected. Homozygous nmr 614 and nmr 210 flies are viable and fertile.
Generation of RNAi knockdown of nmr2
The UAS-nmr2RNAi construct was generated using the pWIZ vector (Lee and Carthew, 2003) . Briefly, the cDNA corresponding to the coding region 5V upstream of T-box, which does not have much homology to other sequences in the genome, was amplified by PCR using the following primer pair flanked by an XbaI site: Forward, TCTA-GAGCGGCCGCTGCAGCACCAAATGCCAGTGG; Reverse, TCTAGAACTGCACCGGCTTCAGATCG. The PCR fragment was subcloned into pGEMT-easy (Promega) and XbaI digested. This XbaI fragment was sequentially inserted into the AvrII and NheI sites of the pWIZ vector and selected for insertion in the opposite orientation by sequencing. After sequence verification of the construct, Pelement mediated transformation yielded 36 independent UAS-nmr2RNAi transformant lines.
Overexpression of nmr1 and nmr2
Total RNA extracted from 0 to 16 h old wildtype embryos was used to make cDNA with the First Strand Synthesis kit (Amersham Biosciences). nmr1 cDNA was amplified by PCR and subcloned into pGEMT-Easy (Promega). The following primer pairs corresponding to the putative 5V and 3VUTR, respectively, were used: Forward, GTCGTCAAGTCGCAAAGTGTG; Reverse, GGGTGGTTTAGTTGTTTTCGTTGG. Subsequently, the EcoRI insert of the full-length nmr1 cDNA was ligated into the transformation vector pUAST (Brand and Perrimon, 1993) . For the generation of UAS-nmr2, full-length cDNA derived from the clone RE27439 (Resgen) was digested with NotI and KpnI and ligated into the pUAST vector digested with the same enzymes. Several stable transformation lines for both constructs were obtained using standard germline transformation methods.
Immunohistochemistry
Antibody staining, fluorescent in situ hybridization and antibody double labeling were performed as described (Han et al., 2002; Lo et al., 2001) . Cy3-or FITC-conjugated secondary antibodies (Jackson Labs) were used for fluorescent confocal microscopy. For Lbe antibody staining, nmr1 or nmr2 fluorescent in situ hybridization, the indirect TSA System (Perkin-Elmer) was used to amplify the signal. Embryos with fluorescent staining were mounted in VectaShield (Vector Laboratories) and preparations were analyzed using Zeiss LSM510 and Biorad MRC-1024MP confocal microscopes. The following primary antibodies were used in this study: rabbit anti-Eve, 1:300 (Frasch et al., 1987) ; mouse anti-Lbe, 1:40 (Jagla et al., 1997) ; rabbit anti-Tinman, 1:1000 (Venkatesh et al., 2000) ; rabbit anti-hGalactosidase, 1:2000 (Cappel); mouse anti-h-Galactosidase, 1:500 (Sigma); rabbit anti-DMef2, 1:2000 (Lilly et al., 1995) ; rabbit anti-Odd-skipped, 1:200 (Ward and Skeath, 2000) ; rabbit anti-phospho-H3 (pH3) 1:200 (Upstate Biotechnologies); rabbit anti-Dystroglycan (DG) 1:2000 (Deng et al., 2003) . The following primary antibodies used are all from Hybridoma Bank, University of Iowa: mouse anti-Eve, 1:200; mouse anti-Disc large (Dlg) 1:500; mouse antiArmadillo (Arm) 1:500; mouse anti-a-Spectrin (Spec) 1:100; mouse anti-Wg 1:50; mouse anti-En 1:50. All the secondary antibodies were used at 1:200 (Vector Laborato-ries). The first and the last exon were used to generate the in situ hybridization probes for nmr1 and nmr2, respectively.
Semi-quantitative RT-PCR analysis
To determine the extent of RNAi knockout of the nmr2 gene, total RNA was extracted from 0 to 16 h embryos of wildtype, da-Gal4/UAS-lacZ, da-Gal4/UAS-nmr2RNAi using trizol reagent (Promega). Any remaining DNA was removed using DNAase (Invitrogen). First-strand cDNA synthesis was performed using First Strand Synthesis kit for RT-PCR (Amersham Biosciences). Platinum Taq (Invitrogen) was used to perform PCR with nmr2 primers (Forward: ATCAGAATCAGCTGATCACCAAGCTG. Reverse: ACT-GCTGCTGGAACATGTGGAAGG) corresponding to a 360-bp fragment at the 3V end of nmr2. As a control, a 371 bp fragment of the tubulin gene was amplified (Forward: CGATGCCAAGAACATGATGG; Reverse: GATCGTT-CATGTTGCTCTCG).
Results
Dynamic expression pattern of nmr genes during embryogenesis
Given the documented pattern of vertebrate Tbx20 expression in heart, we wonder whether Drosophila Tbx20/nmr is also expressed in the forming heart and in what kind of pattern. Using fluorescent in situ hybridization (FISH), we determined that both nmr1 and 2 genes exhibit similar RNA expression patterns late in embryogenesis, but they differ significantly in the onset of expression (Fig. 1) . Cardiac nmr2 expression initiates at late stage 11 when tinman is restricted to the prospective cardiac mesoderm ( Fig. 1E ; Bodmer et al., 1990) , whereas nmr1 RNA is only detectable after stage 13 (Figs. 1A, B). Both persist in an identical pattern as the bilateral myocardial cells begin to assemble into the heart tube at the dorsal midline (Figs. 1B, C, H, I). nmr2 is first detected at blastoderm stage as well as later in ventral ectoderm derivatives posterior to Wg and overlapping with En/Hh (Figs. 1J-M).
Since nmr2 is not expressed in the entire tinmanexpressing cardiogenic region (Fig. 1E ), we conducted fluorescent in situ hybridization of nmr2 double-labeled with various markers of other set of cardiac progenitor. Indeed, nmr2 is expressed in a complementary pattern to that of Eve, which marks a subset of pericardial cells (Fig.  1F ). After germ band retraction, the nmr2-expressing cells differentiate into 6 myocardial cells per hemisegment indicated by double labeling with nmr H15 -LacZ (Figs. 1H, I). The exclusive expression of nmr2 (and nmr1) in all myocardial cells that will give rise to the contractile myocardium suggests that the corresponding cardiac progenitors (see Han and Bodmer, 2003) may co-label with Lbe and Svp, in addition to Tinman. Indeed, double-labeling with Lbe shows that they coincide in two myocardial cells per hemisegments (Fig. 1G ). Cardiac nmr expression (after stage 13) also coincides with other myocardial-specific (e.g., dSUR) but not with pericardial-specific markers (e.g., Zfh-1; data not shown). However, we cannot exclude the possibility that at earlier stages (11/12) mixed or pericardial-only lineages (e.g., expressing tinman but not eve) transiently express nmr.
Generation of loss-of-nmr-function mutants
To determine the requirement for nmr in Drosophila heart formation, we generated mutants. The nmr1 mutants, nmr1 614 and nmr1 210 , were made by imprecise excision of the H15 P-element located 331 bp 5V to the transcript start (see Materials and methods). In both alleles, the 5VUTR, transcription and translation start and part of T-box domain are deleted ( Fig. 2A) . In both alleles, no nmr1 transcripts are detected as determined by RT-PCR and whole-mount in situ hybridization, but nmr2 RNA appears unchanged (data not shown).
In order to reduce or eliminate nmr2 function, we took a transgenic snapback RNA interference (RNAi) approach in conjunction with the UAS-Gal4 system (see Materials and methods; Brand and Perrimon, 1993; Lee and Carthew, 2003) . The cDNA fragment of nmr2 with least homology to nmr1 was used to generate transgenic flies containing UASnmr2RNAi. When da-Gal4 is driving nmr2-RNAi ubiquitously, nmr2 RNA is virtually absent (Fig. 2B) . By combining nmr2RNAi transgenes with nmr1 mutants, we generate a quasi-allelic series of loss-of-function for both nmr genes. To distinguish the mesodermal versus ectodermal requirement of nmr, we generated germlayer-specific nmr double mutants. For example, embryos of the genotype nmr1 614 ; 24B-Gal4/UAS-nmr2RNAi (nmr1 À ,nmr2 mesoÀ ) lack nmr2 RNA in the heart region (Figs. 2C-E).
Loss of nmr in the mesoderm affects cardiac cell specification nmr1 mutants are viable and exhibit only mild defects in cardiac morphogenesis (see below), and none of the early heart markers seem to be affected. In twi24B-Gal4/UASnmr2RNAi (nmr2 mesoÀ ) embryos, however, eve expression is moderately expanded (Figs. 3A , B, G). Eliminating both nmr genes in the mesoderm (nmr1 À ,nmr2 mesoÀ ), we observe a more severe phenotype, in that at the stage 12, the Eve clusters are dramatically enlarged. Importantly, this expansion appears to be at the expense of lbe expression, which is significantly reduced (Figs. 3C-G) . Despite the change in the relative proportion of eve and lbe expression in almost half of the double mutant embryos (Table 1) , the extent of cardiac mesoderm delineated by tinman expression is not appreciably altered at this stage (Figs. 3C, D) . Visceral mesodermal markers also do not seem to be noticeably affected (data not shown). 
Repression of Eve by nmr
Consistent with the increase in Eve cell formation with reduced nmr function is the complementary pattern of nmr2 expression relative to Eve positive cells (Fig. 1F) . This raises the possibility that nmr normally antagonizes eve expression, similarly to the repression of eve by lbe (Han et al., 2002; Jagla et al., 2002) . In order to test this, we ectopically expressed nmr to see if this causes a reduction in eve expression. Indeed, overexpression of either nmr throughout the mesoderm greatly reduces stage 12 eve expression while expanding lbe (Figs. 3H, I ). This repression may not (only) be direct, but may (also) be mediated via activation of lbe, for example, which then directly represses eve (Han et al., 2002; Jagla et al., 2002) . The repressive activity of Nmr is consistent with in vitro mouse cell culture studies, in which Tbx20 acts as a repressor rather than an activator (Plageman and Yutzey, 2004) . Interestingly, eve is not only repressed by nmr, but eve itself can repress nmr (Figs. 3J, K), again consistent with the cross-repressive relationship between eve and lbe (Han et al., 2002; Jagla et al., 2002) . Therefore, we propose that nmr plays a crucial role in the distinction of cardiac cell types during the early events of cardiogenesis.
Misspecification of cardiac cell types in nmr mutants results in less myocardial cells and more pericardial cells
After germ band retraction (stage 13/14), the cardiac progenitor lineages have produced a set of contractile myocardial and pericardial cells that will go on to form the mature heart (Alvarez et al., 2003; Han and Bodmer, 2003) . Since at that stage nmr expression has become restricted to all prospective myocardial cells, we examined their differentiation in nmr mutants, using myocardial-and pericardial-specific markers. Remarkably, even though cardiac-restricted Tinman is not significantly altered at stage 12 (Figs. 3C, D) , at stage 14, however, myocardial Tinman is dramatically reduced in nmr1 À ,nmr2 mesoÀ embryos (Figs.  4A, B) . The remaining Tinman-positive nuclei often colabel with Eve and are thus of pericardial identity (see below). In addition, staining with muscle-specific transcription factor Dmef2, normally present in all myocardial but none of the pericardial nuclei, is less or absent in the heart-forming region in these nmr mutant embryos (Figs. 4C, D) . We speculate that the reduction in tinman and Dmef2 expression in the forming myocardium is in part due to the loss of lbe expression, which includes the Lbe myocardial progenitors co-expressing tinman. To account for the loss of non-Lbe positive myocardial cells, we postulate that the Lbe-negative, Tinman-positive myocardial progenitor lineages also require nmr function (see Han and Bodmer, 2003 , for description of cardiac lineages). Since at stage 12 most if not all cardiac progenitors express tinman and their pericardial and myocardial progeny are not yet distinguishable by position, tinman expression appears normal. It is only later when the lack of myocardial differentiation becomes apparent (compare Fig. 3D with Fig. 4B) .
Even though the non-myocardial Eve progenitor clusters are enlarged in nmr mutants, the number of progeny Eve pericardial cells (EPCs) is only moderately increased (Figs.  4B, D, F) . We then examined another marker of pericardial cells, Odd-skipped (Odd), which does not overlap with Eve H15 is an enhancer trap line characterized in a screen identifying patterning genes, which shows a prominent reporter gene expression in the embryonic heart (Figs. 1A-C; Brook and Cohen, 1996; Griffin et al., 2000) . nmr1
614 is a 3.9-kb deletion and nmr1 210 a 10.9-kb deletion. Blue marks the protein-coding region, red the T-box domain. (B) Semi-quantitative RT-PCR for embryos with da-Gal4-driven nmr2RNAi shows a dramatic reduction in the nmr2 transcripts compared to da-Gal4-driven lacZ control. Tubulin is used as a loading control. (C-E) In situ hybridization demonstrates cardiac specific knock-down of nmr2 RNA. nmr2 expression in wildtype (C) and nmr1 614 ,UAS-nmr2RNAi (D) without the mesodermal 24B-Gal4 driver. When UAS-nmr2RNAi is specifically targeted to the mesoderm (E), cardiac nmr2 RNA is virtually absent (arrows) while ectodermal nmr2 RNA is still present (arrowheads). (Ward and Skeath, 2000) . Indeed, odd expression is also expanded in nmr1 À ,nmr2 mesoÀ (Figs. 4E, F) . This suggests that without nmr function pericardial cell populations are expanded, whereas myocardial differentiation is compromised. Conversely, mesodermal overexpression of nmr diminishes Eve and Odd pericardial cell fates (Figs. 4G-J) , but increases the number of Dmef2 myocardial cells (Figs. 4G, H) . 
nmr induces ectopic tinman expression and cell proliferation
Since pannier is able to induce transient ectopic tinman expression in the mesoderm (Klinedinst and Bodmer, 2003) , we wondered if nmr also has that capacity. Indeed, mesodermal expression of either nmr gene causes abundant ectopic tinman expression until about stage 14 (Figs. 4K, L) , but does not persist later (data not shown). This is consistent with the idea that one of nmr's role is to cooperate with tinman (and pannier, see below) in determining the dorsalmost mesoderm as cardiogenic.
The dramatic nmr-induced ectopic tinman expression may also be due to increased proliferation of cardiac progenitors. In vertebrates, for example, it has been shown that Tbx5 can inhibit cell proliferation in vitro (Hatcher et al., 2001) . Moreover, loss-of-Tbx20-function in mice results in hypoplastic hearts because of reduced cardiac proliferation (S. Evans, personal communication). To determine whether nmr affects proliferation in Drosophila, we used the mitotic marker phospho-histone H3 (pH3). While wildtype embryos exhibit only few proliferating cells in the dorsal mesoderm at stage 13, pan-mesodermal nmr expression increases the number of pH3-labeled nuclei throughout the mesoderm, including the cardiogenic region (Figs. 4M, N) . At earlier stages (late 11/12), proliferation is also increased compared to wildtype (data not shown), suggesting that nmr is capable of promoting mesoderm proliferation, in addition to its clear role in cardiac lineage specification. Therefore, it is possible that the loss of myocardial cells in nmr mutants is not only due to misspecification, but because nmr may also be required for myocardial progenitor proliferation. Although the ventral mesoderm also shows excess nmr-induced proliferation, it is unlikely, however, that the cells in that region expressing ectopic tinman originate from over-proliferating (dorsal) myocardial progenitor, since there is no gradient of ventrally migrating cells observed (Fig. 4L) . In order to conclusively address this point, the nmr overexpression phenotype will have to be examined in cell cycle arrest mutants.
nmr is required for epithelial polarization of cardiac myocytes
During the process of dorsal closure the bilateral primordia of the heart migrate towards the dorsal midline and acquire a polarity that is the result of a typical mesenchyme-epithelium transition (Fremion et al., 1999) . We explored whether the morphogenetic mechanism of coordinate myocardial cell alignment and heart tube assembly is controlled by nmr. A large proportion of nmr2 mesoÀ or nmr1 À ,nmr2 mesoÀ embryos at stage 16/17 exhibit considerable myocardial misalignment defects (Figs. 5A, B; Table 1 ). This phenotype includes intercalation, gaps, clustering and mis-orientation of the Dmef2-labeled myocardial cells.
To explore the cellular mechanism of how nmr regulates myocardial cell alignment, we monitored the cytoskeletal architecture and epithelial polarity features of the forming myocardium. First, we examined the cardiac expression of epithelial polarity markers, namely discs large (dlg), armadillo (arm), crumbs (crb), dmPar6, dystroglycan (dg), a-spectrin and bH-spectrin (Deng et al., 2003; Fremion et al., 1999; Hurd et al., 2003; Knust and Bossinger, 2002; Petronczki and Knoblich, 2001; Zarnescu and Thomas, 1999) . Among them, dlg, arm, dg and aspectrin are expressed in the heart in a stereotyped localized pattern (Figs. 5C, E, G; data not shown).
dlg encodes a MAGUK protein containing three PDZ domains and is required for apical-basal polarity by localizing to the basal-lateral sides of epithelial cells (Bellaiche et al., 2001; Bilder et al., 2003) . In myocardial cells of the forming heart tube, however, Dlg protein seems to localize to the dorsal and lateral sides of these cells (Fig.  5C ). Even though the leading edge of the dorsally migrating bilateral rows of prospective myocardial cells may be thought of as dapicalT, as they meet at the dorsal midline, the dnewT basal side of this forming heart epithelium is facing the midline and prospective lumen of the heart tube, as it is the case for blood vessels in vertebrates (Hogan and Kolodziej, 2002) . In any case, Dlg is severely mislocalized in myocardial cells of nmr mutants (Figs. 5C, D) .
a-Spectrin also marks the basal-lateral membrane of epithelial cells, and in Drosophila is detected at the dorsal and lateral sides of the myocardium, similar to Dlg (Fig.  5E) . In nmr mutants, a-Spectrin is also mislocalized in the forming heart; but unlike Dlg, a-Spectrin levels are much reduced and frequently non-detectable (Fig. 5F ). The similar phenotype is observed with Arm (data not shown).
Dg, which is a major component of the DystrophinGlycoprotein complex (Michele and Campbell, 2003) , plays a crucial role in the establishment of epithelial polarity of the follicle cells in the Drosophila ovary (Deng et al., 2003) . Dg strongly accumulates at both the basal and apical sides of myocardial membranes, but is excluded laterally (Fig.  5G) . As with the other polarity markers, Dg localization is dramatically disrupted in nmr mutant embryos (Fig. 5H) . The mislocalization of these polarity genes indicates a failure of the myocardium in proper polarity acquisition. Thus, in addition to their role in cell fate specification, the nmr encoded Tbx20 genes may also coordinate the mesenchyme-epithelium transition and polarized alignment of the myocardial primordia.
nmr affects myocardial polarity independently of its role in cell fate specification Since loss-of-nmr-function results in early cardiac specification defects, it is possible that the observed abnormalities in morphogenesis are secondary effects to the early defects. Thus, we want to determine whether or not the early misspecifications due to loss-of-nmr-function can be separated from the later morphogenesis defects. Instead of expressing nmr2RNAi with the pan-mesodermal driver 24B-Gal4, we used the heart-specific tinCD4-Gal4 (Lo and Frasch, 2001; Perrin et al., 2004) , which drives expression in differentiating myocardial cells as they migrate towards the dorsal midline (Fig. 6A) . In tinCD4 N nmr2RNAi embryos, early cardiac specification do not seem to be affected, based on Tinman, Eve and Dmef2 staining, nor is dorsal migration or alignment of myocardial cells at the dorsal midline ( Fig. 6B; data not shown) . In contrast, however, epithelial polarity markers are often mislocalized as determined by Dlg, a-Spectrin and Dg staining (Figs. 6C, D; data not shown). Dlg, for example, is no longer detected on the dorsal-lateral sides, but instead is frequently deposited also ventrally (arrows in Fig. 6D ) or missing on the dorsal myocardial membranes (arrowheads in Fig. 6D ). These data suggest that nmr is required for myocardial cell polarization independently of its role in cell fate specification.
Regulation of nmr by pannier
The GATA transcription factor Pannier has previously been shown to be required, along with Tinman, for specification of the heart primordium (Klinedinst and Bodmer, 2003) . pannier null mutant embryos exhibit a reduction of both myocardial and pericardial cell populations, but eve expression is less affected than that of lbe. Thus, we wanted to examine the functional relationship between pannier and nmr in cardiac cell type specification. Double-labeling for pannier RNA and nmr H15 -LacZ shows that reporter gene expression overlaps with that of pannier at the dorsal edge of the mesoderm (Fig. 7A) . In pannier null mutants, mesodermal nmr expression is completely missing (Figs. 7B, C) , which is in contrast to the presence of residual tinman (Figs. 7G, H) and other cardiac marker genes (Figs. 7D, E; Klinedinst and Bodmer, 2003) . In addition, pan-mesodermal expression of pannier is sufficient to initiate nmr expression ectopically (Figs. 7K, L) . In contrast, misexpression of nmr throughout the mesoderm is unable to induce pnr ectopically, and in nmr1 À ,nmr2 mesoÀ (D-I) . Note the synergistic enhancement of the pannier phenotype by nmr in nmr1 614 ;pnr VX6 double mutants. Wildtype (WT): 11 Eve-positive hemisegments per embryo side (Eve h/e) (number of half embryos counted, n = 18), 11 Tinman-positive h/e (Tin h/e) (n = 12); pnr VX6 : 7.6 Eve h/e (n = 21), 4.4 Tin h/e (n = 19), nmr1 614 ;pnr VX6 : 2.1 Eve-h/e (n = 17); 1.6 Tin-h/e (n = 23). (K, L) Overexpression of pnr with twi24B-Gal4 induces ectopic nmr2 expression within the mesoderm (L, arrows), as compared to wildtype (K). (M) In a Dmef2 null mutant, Dmef2 P520 , nmr2 expression is not affected. (N) Pan-mesodermal expression of tinman is unable to induce ectopic nmr2 expression, as compared to wildtype (K). Ectopic nmr2 induction by mesodermal pannier overexpression (L) is synergistically enhanced in the presence of co-expression of tinman (O). embryos no detectable change in pannier expression is observed (data not shown). These findings are consistent with the idea that nmr acts downstream of pannier.
To further examine the relationship between nmr and pannier, we examined whether they interact genetically. In pannier mutants, the Eve clusters are moderately reduced (Figs. 7D, E, J) , whereas in nmr mutants an increase in the size of these clusters is observed (Figs. 3B, D) . In contrast, a further Eve cluster reduction is observed in nmr1;pnr double mutants (Figs. 7F, J) . A similar synergistic enhancement of the pannier phenotype by nmr1 is observed using Tinman as a marker (Figs. 7G-I ). This is consistent with in vitro data that show a direct interaction between Tbx and Gata factors (Garg et al., 2003; Stennard et al., 2003) . However, this also raises the question why nmr1
À interacts synergistically with nmr2 mesoÀ to enlarge the Eve clusters (Fig. 3G) , whereas with pannier À a further reduction of Eve is observed. It is thus possible that during cardiac mesoderm specification nmr not only plays an essential role in the distinction between Eve and Lbe progenitors, but also acts (redundantly) in conjunction with pannier to maintain tinman expression, which in turn is required for maintaining eve expression. In agreement with this interpretation is the observation that nmr overexpression can induce tinman ectopically.
We also investigated whether nmr expression is regulated by additional cardiac transcription factors. As expected, in tinman null mutants no cardiac nmr expression is observed (data not shown), since the cardiogenic region is not specified (Bodmer, 1993) . Mesodermal overexpression of tinman, however, is unable to induce ectopic nmr expression suggesting other factors may cooperate together with tinman to initiate nmr expression (Fig. 7N) . Indeed, when we overexpressed tinman together with pannier throughout the mesoderm, we observed significantly more ectopic nmr expression than with pannier alone (Figs. 7L, O) , suggesting that tinman and pannier act synergistically to induce nmr and other cardiac marker gene expression (see also Klinedinst and Bodmer, 2003) . We also examined Dmef2 mutants, in which muscle myosin fails to be expressed (Bour et al., 1995; Black and Olson, 1998) , and found that nmr is expressed normally (Fig. 7M) , consistent with Dmef2's role in myocardial differentiation rather than in specification of cardiac progenitors.
Discussion
The two closely related Drosophila T-box genes, nmr1 and nmr2, have high homology to the single Tbx20 gene in vertebrates (Meins et al., 2000; Reim et al., 2003) . They are located in close proximity in the genome and exhibit striking similarities in expression, suggesting they have arisen by a recent duplication. This is further supported by the observed redundancy in function, in that single mutants of either gene have weaker or no phenotype, as compared to double mutants (Table 1 ; see also Buescher et al., 2004) . During cardiac induction, nmr2 expression overlaps extensively with the cardiac determinants, tinman and pannier, in the heart-forming region. Cardiac induction of nmr2 strongly depends on pannier and tinman function but not vice versa. By mesoderm-specific expression of a transgenic nmr2RNAi construct in an nmr1 mutant background (nmr1 À ,nmr2 mesoÀ ), we show that nmr function is essential for both cardiac specification as well as for myocardial polarity acquisition.
Function of nmr in cardiac specification
In nmr1 À ,nmr2 mesoÀ embryos, one subpopulation of cardiac progenitors, the Eve cluster, is expanded within the cardiogenic region while another set of cardiac progenitors, the Lbe cluster, is reduced. In addition, nmr genetically interacts with pannier by synergistically aggravating pannier's cardiac phenotype. These findings in conjunction with the timing and pattern of expression suggest that nmr participates, along with tinman and pannier, in the initial specification and cell type allocation within the heartforming mesoderm.
The switch in cardiac cell type specification due to lossof-nmr-function is reminiscent of the phenotype observed in embryos with increased Hedgehog or Ras signaling, in which lbe expression is eliminated while eve is greatly expanded within the cardiogenic mesoderm (J.L, L.Q. and R.B., unpubl.). Hedgehog signaling seems to regulate the expression level of the EGF receptor ligand protease, encoded by rhomboid (rho), thus activating Ras signal transduction. This raises the possibility that Nmr may act as a link between ectodermal Hedgehog signaling and cardiac patterning. It would be interesting to find out whether Hedgehog signaling limits the expression or activity of mesodermal nmr, which in turn might antagonize Ras signaling to prevent formation of Eve-expressing progenitors. Interestingly, not only is eve expression abolished upon nmr overexpression, but ectopic Eve can also suppress nmr expression, suggesting that there is a reciprocal antagonism between nmr and eve (Fig. 8) , as between lbe and eve (Han et al., 2002; Jagla et al., 2002) . It will be interesting to find out if nmr expression is expanded in eve mutants, in which mesodermal eve expression is selectively eliminated (Han et al., 2002) .
The initially expanded size of the Eve progenitor clusters in nmr1 À ,nmr2 mesoÀ embryos does not persist to the same extent after the germ band has retracted and the EPCs and muscle founder cells have begun to differentiate. It is possible that from the postulated pre-muscular Eve cluster (Carmena et al., 1995 (Carmena et al., , 1998 , although initially enlarged in nmr mutants, a normal number of progenitors are selected. Alternatively, there may be fewer cell divisions by the Eve progenitors, consistent with a possible role of Tbx20 in proliferation. In contrast, another type of emerging pericardial cells, marked by odd expression, remains expanded. These progenitors emerge at a later time than the Eve cells (Ward and Skeath, 2000) and are possibly subject to a different mechanism of selection and differentiation.
Function of nmr in heart tube morphogenesis
The processes of cardiac morphogenesis are rather complex and not very well understood beyond a descriptive level. Of them, the Drosophila heart is remarkably simple but nevertheless resembles that of vertebrates in its initial assembly from bilateral primordial tissue into a highly organized linear vessel-like tube (Bodmer, 1995; Bodmer and Frasch, 1999) . It is thus of interest to understand the control mechanisms by which a primitive heart tube forms. The defects in myocardial alignment, heart tube assembly and proper polarity acquisition we observe in nmr mutants indicate that these T-box genes play a crucial role during these processes of cardiac morphogenesis. Moreover, when nmr2RNAi is specifically targeted to the differentiating myocardial cells, the overall alignment of the bilateral myocardial primordia at the dorsal midline is little affected but the correct epithelial polarity is not established. Together, these observations further suggest that cardiac determination and distinction of cell types are controlled by mechanisms that are separable and perhaps independent from those that govern heart tube assembly and cellular polarity prerequisite for morphogenesis. It will be interesting to find out what transcriptional targets nmr controls at progressively later stages of heart development, and whether vertebrate Tbx20 also influence multiple steps during heart development.
In this report, we provide first evidence that nmr/Tbx20 also has a role in regulating myocardial polarization, in addition to its role in cardiac cell specification. Studies of cell polarity in other tissues, such as salivary gland, oocyte, neuroblast, suggest cell polarization is important for organelle transport and cell-cell communication via adherens junctions or extracellular matrix components (Deng et al., 2003; Hurd et al., 2003; Myat and Andrew, 2002; Petronczki and Knoblich, 2001 ). Thus, a failure in proper polarity acquisition is likely to contribute to the observed disorganization of the heart tube. Since only some of the polarity markers we tested exhibit a typical epithelial subcellular distribution in the forming myocardium, we speculate that there may be significant differences by which the heart epithelium is involved in this organ's morphogenesis. Further explorations into the process of cardiac cell polarization are necessary to obtain a mechanistic understanding of cardiac morphogenesis.
The role of nmr in the regulatory network of Drosophila heart development Our genetic analysis demonstrates a regulatory interaction between nmr and other pivotal factors involved in Drosophila heart development, namely pannier and tinman. For example, loss-of-pannier-function abolishes mesodermal nmr expression, while pan-mesodermal overexpression of pannier results in ectopic nmr expression, which is Fig. 8 . Model for T-box nmr function in the gene network of heart development. (A) pannier (pnr) and tinman (tin) expression in the cardiogenic region at the dorsal mesodermal margin is initiated by ectodermal Wg and Dpp signaling in the context of broadly expressed mesodermal tinman. Our data suggest that nmr might have a dual role: early, in early cardiac specification, and later, in morphogenesis of the heart tube. Early, nmr acts together with pannier and tinman to specify the cardiogenic mesoderm. In addition, nmr functions in distinguishing subpopulations of cardiac progenitors, such as the pericardial (PC) Eve and Odd progenitors versus the myocardial (MC) Lbe and Tin progenitors (eve and lbe also mutually repress each other). It is suggested that nmr negatively influences the positional information provided by ectodermal Hedgehog (Hh) signaling (J.L., L.Q. and R.B., unpubl.). Later, after cell type specification, the bilateral cardiac cells migrate towards the dorsal midline, where nmr seems to control myocardial cell alignment and polarization. (B) Illustration of the spatial relationship along the anterior-posterior axis between nmr, eve and lbe expressing cells as they become specified at late stage 11/12. In wild type, nmr2 is expressed both anterior and posterior to Eve (Fig. 1F) , while Lbe is present in a cell cluster immediately anterior to that of Eve (Fig. 3H) . In the absence of nmr activity, Eve is expanded at the expense of Lbe, while pan-mesodermal nmr expression diminishes Eve and expands Lbe.
synergistically augmented by co-expression of tinman. This is consistent with the idea that nmr is a transcriptional target of the cardiac determinants, Pannier and Tinman. Interestingly, the emerging cardiac cell types exhibit a differential susceptibility to pannier; pericardial Eve being the least sensitive, which is consistent with the absence of GATA consensus binding sites in the mesodermal eve enhancer (Han et al., 2002; Klinedinst and Bodmer, 2003 ; data not shown).
nmr does not only appear to be a target of pannier but also interacts with pannier genetically in the overall formation of cardiac mesoderm: nmr1;pnr double mutants have a more dramatic reduction in heart-associated cells stained with Tinman or Eve than pannier single mutants (nmr1 single mutants do not exhibit a cell specification phenotype). This indicates that nmr also participates in the initial specification of cardiac competence, but this particular role of nmr is redundant in the presence of pannier, since nmr1 À ,nmr2 mesoÀ embryos initially have a normal level of cardiac-restricted tinman expression. This idea is supported by the finding that overexpression of nmr is sufficient to drive ectopic tinman expression. Thus, it appears that nmr has two, in part opposing, roles during early cardiac specification: it acts redundantly with pannier to specify tinman-expressing cardiac mesoderm from which all cardiac cell types emerge, but also acts in distinguishing subpopulations of cardiac progenitors (Lbe versus Eve cell fates, see above), perhaps by negatively mediating positional information provided by the ectodermal Hedgehog signal (J.L., L.Q. and R.B., unpubl.).
Does Drosophila nmr function similarly to its vertebrate homologue Tbx20?
Tbx20 exhibits prominent expression in the heart of all vertebrate and invertebrate organisms examined, and phylogenetic analysis places Tbx20 within the Tbx1 subfamily that is distinct of Tbx5, suggesting evolutionary conservation (Meins et al., 2000; Reim et al., 2003) . In Zebrafish, Tbx20/hrT is co-expressed with Nkx2-5 and Gata4 in cardiogenic as well as in non-cardiac mesoderm adjacent to the tail bud (Szeto et al., 2002) . Since we observe a genetic interaction in Drosophila between Tbx20/nmr and Nkx2-5/tinman, Gata4/pannier, it may be that a similar interaction takes place in vertebrates. Morpholino knockdown of Tbx20/hrT in zebrafish apparently affects chamber morphology, which is consistent with our observations of morphogenesis defects in Drosophila nmr mutants. Whether Tbx20 plays a role in cardiac cell polarization in vertebrates remains to be determined. In chicken, Tbx20 is expressed in a complementary pattern to Tbx5 in the embryonic ventricles, and in ovo electroporation and cell culture studies suggest an antagonistic relationship between them (Plageman et al., 2004; Takeuchi et al., 2003) . This is reminiscent of the complementary expression and antagonism observed between nmr and eve in flies, which lack a Tbx5 homologue. Taken together, our studies suggest that Tbx20 genes are likely to play multiple roles during cardiogenesis, ranging from specification, proliferation and morphogenesis (this work; S. Evans, unpublished) to cardiac physiology (L.Q. and R.B., unpublished).
